Friction stir lap welding of 7B04 aluminum alloy was conducted in the present paper, and the effect of pin length on hook size and joint properties was investigated in detail. It is found that for each given set of process parameters, the size of hook defect on the advancing side shows an ''M'' type evolution trend as the pin length is increased. The affecting characteristics of pin length on joint properties are dependent on the heat input levels. When the heat input is low, the fracture strength is firstly increased to a peak value and then shows a decrease. When the heat input is relatively high, the evolution trend of fracture strength tends to exhibit a ''W'' type with increasing the pin length.
Introduction
Friction stir welding (FSW), as a promising solid state joining process, has been extensively utilized to weld various aluminum alloys (Ref 1-3 ). The focuses of previous investigations on FSW were mainly placed on the butt joint configuration. In fact, lap joint configuration is also widely used in joining aluminum alloy structures, particularly in automotive and aerospace industries. Thus, a number of studies have also been conducted on friction stir lap welding (FSLW) of aluminum alloys .
In FSLW, two welding samples are overlapped by a certain width. A rotating tool is plunged into the upper plate and traversed along the centerline of the overlap. After the tool retraction, a lap linear weld is then produced. Compared to friction stir seam welding, FSLW defects, resulted from the movement of initial faying surface during tool pin stirring, are inevitably present on both advancing and retreating sides of lap joints (Ref 8) . On the advancing side (AS), the faying surface of lap joints generally remains outside the nugget and folds upwards along the nugget boundary, which is known as hook defect. On the retreating side (RS), the faying surface firstly lifts up and then penetrates into the nugget, which is known as cold lap defect. A schematic view of the both types of defects is given in Fig. 1 . Failures of friction stir lap joints are commonly found to occur along these defects (Ref 6, (9) (10) (11) . In comparison to the cold lap defect on the RS, the hook defect on the AS exerts more negative effects on the mechanical properties of friction stir lap joints. First, the hook defect tends to result in larger extent of sheet thinning in contrast to the cold lap defect; second, the sharp-curved character of the hook defect introduces a significant stress concentration at the tip of the hook. These two factors promote easier crack propagation along the hook defect as the applied load is increased, and the phenomenon of lower fracture load in AS loading compared to RS loading has been reported by many researchers (Ref 4, (10) (11) (12) .
As far as FSLW process is concerned, pin length of welding tool was found to be a critical factor in determining the defect configuration and joint properties (Ref 6, 13, 14) . In most previous studies on FSLW, the influence of pin length on joint quality was firstly investigated prior to the optimization of process parameters, and some conclusions were drawn. Yadava et al. (Ref 6) found that the fracture load was firstly increased to a peak value with the increase of pin length and then showed a decrease by further increasing the pin length. While in Yazdanian et al.Õs investigation (Ref 13), the fracture load was firstly increased with the increase of pin length, as the pin was longer than a certain value, further increasing the pin length did not cause a significant strength variation. For FSLW of aluminum alloys, although some attempts have been made to find out the effect of pin length on joint properties, the affecting mechanisms of pin length on hook size and joint properties have not been deeply investigated until now, and the relationship between pin length and joint properties determined by hook defect on the AS is still not quite clear. This is very important to the determination of welding tool geometry and the process optimization because the hook defect on the AS is generally the weakest location of friction stir lap joints. To make deep investigation on this topic, a 7B04 aluminum alloy was friction stir lap welded in this study with the aim of highlighting the effect of pin length on hook size and joint properties. The focus is placed on the weld formation, tensile properties, and fracture features of lap joints.
Experimental Procedures
A 2-mm-thick 7B04-T74 aluminum alloy was used for both the upper and lower sheets of lap joints, whose chemical compositions and mechanical properties are listed in Table 1 .
Both upper and lower sheets were 150-mm long and 100-mm wide. The longitudinal direction of the plates was perpendicular to the plate rolling direction. Owing to asymmetry in defect profiles on the AS and RS, the friction stir lap welded joints can be orientated in two different ways, i.e., AS loading configuration and RS loading configuration (Ref 4), as schematically illustrated in Fig. 2 . All the lap joints in this work were configured in the AS loading configuration in order to correlate the hook size with joint properties.
After cleaned by acetone, two welding samples were overlapped and tightly clamped on the work table by the welding fixture. FSLW was performed along the centerline of the overlap using a FSW machine. The welding tool used for the experiments had a 12-mm-diameter shoulder and a conical right-hand screwed pin. The tool pin had a fixed diameter of 4.5 mm (at the shoulder) and various length values. During the experiments, the shoulder plunge depth of welding tool was fixed at 0.3 mm, and the lap joints were produced at various rotation speeds (x) and welding speeds (v).
During FSW, the peak temperature was found to be a strong dependence on tool rotation rate, while the heating rate was found to be a strong function of welding speed. A general formula relating peak temperature and process parameters was given as follows ( Ref 15):
where T m is melting point and K and a are constants. HI is the abbreviation of heat index. It is the function of tool rotation speed (x) and welding speed (v), which can be expressed as ( Ref 15):
where x and v are expressed in terms of rotation per minute and mm per minute, respectively. Obviously, the peak temperature and the high temperature dwelling time are greatly determined by HI; therefore, HI is a suitable candidate for the representation of average welding thermal profile, and thus it is selected to evaluate the heat input levels during welding in the present paper, as listed in Table 2 . After welding, the joints were all cross-sectioned perpendicular to the welding direction for metallographic analyses and tensile test. The cross sections of the metallographic specimens were polished using a diamond paste, etched with KellerÕs reagent, and observed by an optical microscopy. Rectangular test specimens with the width of 15 mm were cut from friction stir lap welds perpendicular to welding direction. During the test, samples were aligned by using 2-mm-thick 7B04-T74 Al spacers in the clamping grip in order to ensure that an initial pure shear load was applied to the interfacial plane (see Fig. 3 ). Lap shear testing was conducted at a rate of 1.0 mm/min. Three samples were tested for each combination of experimental parameters. The fracture strength of a sample is defined by dividing the fracture load by the sample width (N/mm), which is commonly used in the mechanical test of a friction stir lap welded joint (Ref 10, 12, 16) . After tensile test, the optical microscopy above mentioned was utilized to analyze the fracture features of the joints. Figure 4 shows the cross sections of lap joints obtained at the HI of 3.6. As pointed out by previous investigations, two types of welding defects are present in the lap joints during FSLW due to the migration of initial faying surface, which are named as hook defect and cold lap defect, as marked in Fig. 4b . Apparently, the sharp-curved hook defect results in larger extent of sheet thinning in contrast to the cold lap defect. Figure 5 presents the evolution of hook size with pin length. In the present paper, the size of hook defect refers to the vertical distance from the top of the defect to faying surface (see Fig. 4b ). For each given set of process parameters, when the pin length is increased from 2.0 to 3.6 mm, the hook size is firstly increased and then decreased, after that again shows an increase and a subsequent decrease. This ''M'' type evolution trend of hook size with pin length is presented for the first time in the FSLW process of aluminum alloys. Furthermore, the larger HI value, i.e., the higher heat input into workpiece, generally leads to a larger hook size. For instance, the hook size is increased significantly with the increase of HI from 3.2 to 3.6, although the interval between the both HI values is not so large. Figure 6 plots the fracture strength of lap joints against pin length of welding tool. Obviously, as the pin length is increased, the fracture strength obtained under different heat input levels shows different evolution characteristics. At the HI of 3.2, the fracture strength is firstly increased to a peak value and then shows a decrease with the increase of pin length. However, when the HI is increased to 3.6 or 6.4, the fracture strength is firstly decreased with increasing the pin length from 2.0 to 2.4 mm, and then shows an increase for the pin length between 2.4 and 2.8 mm. Interestingly, after that the fracture strength again shows a decrease from the pin length of 2.8 to 3.2 mm and an increase from the pin length of 3.2 to 3.6 mm. This ''W'' type evolution trend of fracture strength with pin length is evidently different from that occurs at the HI of 3.2, which has never been reported by the previous investigations. The effect of pin length on joint properties is believed to be related to the characteristics of weld formation, which needs further investigation. Notably, the lower heat input tends to produce lap joints with superior mechanical properties. At the HI of 3.2, the maximum fracture strength, 510 N/mm, is obtained at the pin length of 2.8 mm.
Experimental Results
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Fracture Features of the Lap Joints
Two fracture modes are observed during tensile test. For fracture mode I, fracture occurs in the hook defect on the AS, and the final fracture path is nearly normal to the weld top surface (see Fig. 7a ). In fracture mode II, fracture occurs along the original lapping surfaces of the whole joint (see Fig. 7b ). Figure 7c summarizes the fracture features of all the lap joints obtained in the present study. At a low HI of 3.2, the fracture patterns of the joints are pin length dependent to a certain extent. The lap joints fail in facture mode II when the pin length is almost the same as the top plate thickness (2 mm) or at a middle level of the selected range (2.8 mm), and fail in facture mode I for other pin length values. In contrast, for lap joints made using higher HI (3.6 and 6.4), fracture mode I occurs in the test samples regardless of which pin length is used, indicating that the hook defect is the dominant factor that affects the tensile properties of lap joints. This is just the reason why the fracture strength shows exactly opposite evolution trend to the hook size as the pin length is increased under such a case (see Fig. 5 and 6 ).
Discussion
The hook defect, resulted from the vertical flow of plastic material during welding, is in fact a reflection of material flow patterns near the faying surface during FSLW. The material flow during FSW caused by welding tool can be divided into two parts, which are shoulder driven flow and pin driven flow (Ref 17) . Generally, during FSW, the upper part of pin-sheared material tends to be extruded into the concave of shoulder. This part of material, together with the shoulder-sheared material, flows around the RS with shoulder and fills the hole at the rear of welding tool. This flow pattern constitutes the shoulder driven flow. The rest of pin-sheared material not extruded into shoulder concave undergoes circle and upward flow due to the shearing of pin threads (Ref 17, 18) , and this flow pattern constitutes the pin driven flow, as illustrated in Fig. 8 . From this point of view, the variation of pin length can affect not only the pin driven flow but also the shoulder driven flow. On one hand, the increase of pin length definitely increases the amount of pin-sheared material, which has positive effect on the improvement of the upward flow of pin-sheared material and thus the increase of the hook size. On the other hand, since the increase of pin length leads to the increase of amount of pinsheared material, the upward flow of pin-sheared material into shoulder concave can also be enhanced, resulting in the improvement of shoulder driven flow. This may instead reduces the size of hook defect. Hence, the size of hook defect on the AS is actually determined by the combined action of shoulder driven flow and pin driven flow. When the pin length is increased, the evolution of hook size is dependent on which flow pattern dominants the migration of faying surface.
At the initial stage of pin length increase, e.g., from 2.0 to 2.4 mm, the pin driven flow is significantly improved, leading to the increase of hook size. However, when tool pin is at a length of 2.8 mm, more pin-sheared material is extruded into shoulder concave, the shoulder driven flow is thereby enhanced and becomes the dominant flow pattern that affects the hook size, and consequently, the decrease of hook size is observed. As the pin length is further increased to 3.2 and 3.6 mm, pin driven flow and shoulder driven flow alternatively dominant the evolution of hook size and a similar evolution trend of hook size is again present. Just because the dominant factor of hook size is alternative between shoulder driven flow and pin driven flow as the pin length is increased, an ''M'' type evolution trend of hook size with pin length occurs in the present study.
The affecting characteristics of pin length on joint properties are essentially dependent on the heat input levels. Under higher heat input levels, e.g., HI = 6.4, the joints are all fractured in the hook defects during tensile test, implying that the hook defect significantly reduces the effective load carrying capacity of the upper sheet. Because the negative effect of hook defect on joint properties is dependent on the hook size, the fracture strength of lap joints and hook size exhibit the exactly opposite evolution trends as the pin length is increased.
When the heat input is low, i.e., HI = 3.2, the vertical flow of plastic material is restricted, leading to relatively low hook size on the AS in contrast to that occurs at higher HI values. At the pin length of 2.0 mm, the small bonding area of upper and lower sheets causes the fracture to occur at the faying surface during tensile test. Increasing the pin length to 2.4 mm increases the effective bonding area of the both sheets. The weakest location of lap joint is shifted to the hook defect and Fig. 5 Size of hook defects produced at different pin lengths Fig. 6 Effect of pin length on joint properties the fracture strength is then improved. When the pin length is increased to 2.8 mm, the synthetical effect of shoulder driven flow and pin driven flow results in the smallest hook size, which leads to the largest fracture strength of lap joints. With further increasing the pin length, the hook size is again increased, leading to the decrease of fracture strength.
Conclusions
Based on the present investigation, the results of significance are drawn as follows:
(1) For each given set of process parameters, the hook size of lap joints shows an ''M'' type evolution trend with increasing the pin length. The intrinsic reason for this is that the material flow pattern that dominates hook size is alternatively changed between shoulder driven flow and pin driven flow when the pin length is increased. (2) When the heat input is relatively high during FSLW, the fracture strength of lap joints exhibits a ''W'' type evolution trend as the pin length is increased, which is opposite to the evolution trend of hook size with pin length. The lap joints tend to be fractured in the hook defect during tensile test. (3) For lower heat input levels, when the pin length is increased, the fracture strength is firstly increased to a peak value and then shows a decrease. The lap joint with the highest fracture strength has the smallest hook size, and is fractured at the faying surface rather than in the hook defect during tensile test. 
